ABSTRACT Musculoskeletal model is a useful tool to evaluate the complex biomechanical problems, simulate and evaluate the injuries, estimate the muscle-tendon forces, and joint the torques during motion and predict the effects of orthopedic surgeries. Moreover, the musculoskeletal model is a rich source of information to develop robotics exoskeleton aiming to restore the normal gait after some injuries. This paper presents a full musculoskeletal model in an open-source framework to perform the biomechanical analysis of the human lower limb in order to simulate both healthy and pathological gait; 14 bones, 88 Hill-type muscle-tendon segments, ten ligament segments for each knee, and six joints for each lower limb were modeled. The model allows us to simulate different injuries of the lower limb, such as ictus, stroke, and so on, by sending different signal profiles to muscle-tendon segments, emulating the functional electrical stimulation (FES). At the same time, forces and torques could be computed for muscles and joints. Hence, the proposed model can be suitable not only to perform a complete biomechanical analysis for medical purposes but also for the exoskeleton controller design and actuators dimensioning. In order to validate the model, it was exported to Simulink environment to simulate the joints range of motion, muscle moment arm, and joint torque, and then, these data were compared with the medical literature. All simulations results show that the data from the model are according to the previously published works. Furthermore, the model was validated using the real data obtained by our own gait capture system and by CODA motion software for normal and pathological gait. Finally, the goodness-of-fit of our model was assessed using the root mean square error (RMSE) and the normalized mean square error (NMSE); the values of these indices suggest that the model estimated the kinematics and kinetics parameters of healthy and pathological gait successfully.
I. INTRODUCTION
Musculoskeletal models have been used successfully in many applications such as injuries analysis, surgeries evaluation and biomechanical analysis to determine forces and torques. Piazza and Delp [1] have used a model to predict the motions of knee implants during a step-up activity, Cazzola et al. [2] , used a model to evaluate cervical spine injuries, Paul et al. [3] studied the effects of spinal cord injury on locomotor abilities, Arnold et al. [4] , used a musculoskeletal model to estimate muscle-tendon length of the hamstrings and iliopsoas in patients with cerebral palsy to predict the biomechanical effect of a surgical intervention, Reinbolt et al. [5] ,
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Rasmussen et al. [6] , used a model to evaluate sport performance, Lee et al. [7] , analyzed ankle muscles activities during gait, and Wang et al. [8] , used a model to study the biomechanical characteristics of the gait.
In the literature, the reader can find several lower limb models, however, part of them are incomplete and/or based on an expensive software platform. For example, Delp et al. [9] , created a model based on a dataset from 5 cadaver subjects, Klein Horsman [10] from a single cadaver limb, Arnold et al. [11] from 22 cadaver subjects, Carbone [12] from a single cadaver limb and Rajagopal et al. [13] , have recently created a model from a dataset [14] obtained using MRI from 24 active, healthy subjects and a dataset [15] from 20 cadaver subjects, Lai et al. [16] have refined the musculoskeletal model presented by [13] in order to simulate pedalling and fast running. Moreover, all of these models are for biomechanical simulation exclusively and cannot be exported directly to a mechanical design tool.
The model presented in this paper is a full model of the lower limb, which could be linked to MATLAB R environment, then the biomechanical analysis can be easily extended to the mechanical synthesis stage of robotic mechanisms. Under this environment, it is possible to develop a control framework for the robotics exoskeleton combining biomechanical simulation, sensor information (EMG, EEG, inertial sensor, image data, etc) and muscle-driven simulations.
The aim of this paper is to present a complete model in an open source platform to facilitate the biomechanical analysis of the lower limb, integrate external sensory information, improve the design stage of rehabilitation exoskeletons and include biomechanical simulation into the control algorithm in order to build exoskeletons adapted to each patient and rehabilitation therapy. Furthermore, the model will allow to study differences in muscle synergies of a pathology and compare them with a normal gait which is crucial for the mechanical design of powered lower limb robotic exoskeleton.
In addition, all muscle-tendon activity can be estimated from this model. In clinical practice, these data are collected using invasive and/or non-invasive electromyography systems (EMG). Non-invasive EMG has a low sensitivity to discriminate between voluntary motor activity and deep muscle activity involved during limb movement, thus, invasive EMG would be needed. However, considering the ethical issues given by the International Ethical Guidelines for Biomedical Research Involving Human Subjects [17] , it is not allowed to get these data in the context of some researches. Consequently, our model allows to estimate the muscle-tendon activity precisely. This paper is organized as follows, first, the full musculoskeletal model of the lower limb is presented including the muscle-tendon architecture, ligaments of the knee, joint geometry, and the Simulink model. Next, the model is validated by comparing the obtained results (predicted from model) to previously published works (predicted from model and experimental results). Finally, the model is also validated with real data for a gait cycle for both normal and pathological subjects.
II. MUSCULOSKELETAL MODELING
A Musculoskeletal Model is composed of bones, muscletendon segments, ligaments and wrapping objects. The correct activation of each muscle group allows the motion of each joint. Among the software used for musculoskeletal modeling are SIMM, OpenSim, AnyBody and MSMS. SIMM and AnyBody are commercial software, OpenSim is free and open-source software and MSMS is a free software.
We selected MSMS because it runs under MATLAB/ Simulink environment which is also suitable to design and validate control architectures for robotics exoskeletons. On the other hand, the interaction between OpenSim and Simulink is minimum, the researchers have to develop additional tools to communicate using the API provided. This interaction with Simulink enables us to evaluate different pathologies simply changing the signals introduced into the muscles.
In addition, MSMS can receive data in real time (a feature that does not have OpenSim) from signals coming from sensors such as an inertial measurement unit (IMU), the signals could be acquired and processed in any software like MATLAB or LabView and send them to MSMS to see the motion of the model. This is very important for data acquisition and visualization for real-time simulations in virtual reality environments with the subject in the loop, an application using this feature for an upper limb muscoloskeletal modeling can be found in [18] . Another unique feature of MSMS is that allows not only to define the muscle fiber type but also to select the recruitment type, as well as to choose the apportion method and the maximum recruitment excitation value. The main disadvantage of MSMS is that there is no technical support or actualized documentation to use the software. Table 1 , summarizes the main features of the most used biomechanical analysis software, whereas Table 2 , summarizes the previously models reported.
A. THE MUSCUSLOSKELETAL MODEL
The proposed model in this paper was created based on the anatomical dataset reported by Arnold et al. [11] and Ward et al. [15] . Our model has been implemented using Musculoskeletal Modeling Software (MSMS). MSMS has the advantage that the model can be exported directly to Simulink allowing us to generate functional electrical stimulation (FES) signals for muscle-driven and send these signals to MSMS via UDP. Some previous successful works using MSMS have been reported for the upper limb [18] , however, for the lower limb the reported models are incomplete [19] [20] , without any kind of validation.
The musculoskeletal model of the lower limb includes both legs and consists of 14 body segments (torso, pelvis, left/right femur, left/right tibia, left/right patella, left/right talus, left/right calcaneus and left/right toes), the inertial parameters for each body-segment were taken from Arnold et al. [11] and are shown in Table 3 . It worth noting that biomechanical data used in our model are consistent with mean values for European adults and were taken from the medical literature.
The model is composed of 44 muscle-tendon actuators per leg, each actuator was modeled as a 3-element Hill-type muscle-tendon unit [21] - [23] as depicted in Fig. 1 . For muscle-tendon with complex geometry (Adductor magnus, gastrocnemius, gluteus maximus, gluteus medius, gluteus minimus) the whole muscle was divided into multiple segments and the constraint of the muscle-tendon path was modeled by moving points and wrapping objects.
Each muscle is described by an active contractile element (CE) that generates the active force and a passive parallel-elastic element (PEE) that includes a small viscosity for stability purposes. The model is completed with a non-linear series-elastic element (SEE) representing the mechanical properties of the tendon.
The instantaneous length of a muscle-tendon unit (L MT ) is given by the tendon length (L T ), the muscle length (L M ) and the pennation angle of the muscle (α), thus:
For a muscle, the force-velocity relationship of the CE is given by a non-linear first order model (Fig. 2c ) and the force-length property is defined by a non-linear Gaussian curve (Fig. 2b) . The force in PEE is a function of its length and is related according to an exponential curve (Fig. 2b) .
The stress-strain curve for a tendon is considered linear (Fig.2a) and whose normalized force is a function of the tendon strain ( ) which is calculated from the tendon slack length (L T s ), we have considered when the muscle develop maximum isometric force (F M 0 ) the tendon strain is 3.3 %. Both, the muscle force (F M ) and tendon force (F T ) are normalized by maximum isometric muscle force F M 0 , while, tendon length (L T ) and muscle-fiber length (L M ) are normalized by optimal muscle-fiber length (L M 0 ). The muscle force is the sum of an active force generates by the CE and a passive force generates by the PEE, that is:
The passive force exists only at lengths greater than their optimal muscle-fiber length, the force is passive since it exists whether or not the muscle is active, and it is a function of the normalized fiber-length. The active force developed by the muscle depends on factors such as normalized fiber length, speed of contraction and muscle activation. Therefore, using the curves depicted in Fig. 2 , the muscle force (normalized by peak isometric muscle force, F MN 0 ) can be computed from:
where, a is the activation level of the muscle (a min a 1), F L the active force-length curve as a function of the normalized muscle length (L N ), F V the force-velocity curve as a function of the normalized velocity (V N ) and F PE is the passive force-length curve as a function of the normalized muscle length (L N ). Muscle-tendon force is determined by a given activation level and muscle-tendon length.
B. MUSCLE-TENDON ARCHITECTURE
The Hill-type muscle model presented in the previous section defines the muscle force generation, MSMS Software implements this model and requires the following morphometrics parameters: optimal fascicle length, optimal tendon length, maximum muscle-tendon length, and muscle mass.
The complete model is depicted in Fig. 3 and the morphometry is described in Table 4 . The muscle-tendon parameters were based from those reported by Arnold et al. [11] , Ward et al. [15] , and Rajagopal et al. [13] , and are the most recent dataset available. The cadavers (21 subjects) from which muscle-tendon architecture parameters were measured [15] , had an average weight of 82.7 ± 15.2 kg and height of 168.4 ± 9.3 cm.
C. LIGAMENTS OF THE KNEE
The function of a ligament is to restrict the joint motion and stabilize the joint [24] , the ligaments are composed mainly of collagen fibers which are not highly elastic and present failure at low elongations or strain. Under normal conditions, the maximum strain rate is 5% or less and the failure of each individual fiber begins at 8% of strain, the stress-strain relationship is shown in Fig. 4 .
The ligament tension is a function of its length, for low strains, the function is assumed to be non-linear and become linear for strains higher that certain level [25] , [26] , the mechanical properties can be described by a force-length curve modeled by:
where, f is the tensile force, k is the ligament stiffness, e l is the transition strain that was considered 0.03 [25] , [27] , . Stress-strain curve for a ligament. For less than 2% of strain we have the toe region, between 2% and 4% the ligament returns to its original length when is unloaded, between 4% and 8% microscopic failures can appear and after 8% a macroscopic failure (rupture) is presented.
e is the strain and can be determined from e = (l − l 0 )/l 0 , where l is the ligament length and l 0 is the zero-load length.
In the reference joint position (reference posture), we have the reference length of the ligament (l r ), and the strain rate corresponding is called the reference strain (e r ), this two parameters determine the zero-load length (l 0 ), thus,
The model presented includes 10 ligament segments per leg, the anterior and posterior cruciate ligaments (ACL, PCL) were represented by an anterior and posterior bundle (aACL, aPCL, pACL, pPCL). The lateral collateral ligament (LCL) Table 5 and the force-length curves are depicted in Fig. 5 .
D. JOINT GEOMETRY
The model has 6 joints (hip, knee, ankle, subtalar, metatarsophalangeal, patellofemoral) allowing 7 active and 3 passive degrees of freedom (DoF) per leg.
The hip joint was modeled as a spherical joint allowing 3 DoF. The knee, ankle, metatarsophalangeal and subtalar were modeled as revolute joints, allowing one degree of freedom per joint.
The joint axes are depicted in Fig. 6 , the range of motion (ROM) were taken from Kapandji [29] , Moromizato et al. [30] , and Arnold et al. [11] and are presented in Table 6 .
The patellofemoral joint was modeled as a planar motion allowing 3 passive DoF: translation along x-axis (axis s 9 , Fig. 6 ), translation along y-axis (axis s 10 , Fig. 6 ), rotation about z-axis (axis s 8 , Fig. 6 ). These translations and rotations are function of the knee flexion angle and can be described using splines as shown in Fig 7a, 7b and 7c respectively. Thus, using interpolation for Fig. 7 , the patellofemoral kinematics can be found using the following polynomials: 
where T x and T y is the translation (mm) about x-axis and y-axis respectively, R z is the rotation (radians) about z-axis, and θ is the knee angle in radians.
Due the patella has a passive movement, its location (position and orientation) is modeled as a function of the knee angle, however, MSMS does not allow to implement it. To overcome this problem a subsystem was created in Simulink and the motion was modeled as a function of the knee angle using (6), (7) and (8).
E. SIMULINK MODEL
One of the unique features of MSMS is the ability to export the model directly to Simulink. This represents a huge advantage because it allows: Set activation signals (muscle-driven simulation); measure angles, speeds, accelerations, torques and forces in the joints; integrate sensors as well as apply control strategies and integrate all the well-know MATLAB's toolboxes.
The Simulink model is composed by a drivers block with the muscle-tendons features (morphometry, fiber type and muscle path) in which the muscle-signals are set, a block representing the bone segments (SimMechanics block), an UDP block to send the signals to MSMS and a block that generates a file (''.msm'') used by MSMS as a source animation file. Fig. 8 shows the Simulink equivalent block diagram and its relation with MSMS.
III. TESTING AND VALIDATION
In order to validate the model presented, several tests were performed, the muscle-tendon segments were activated simulating the functional electrical stimulation (FES). Then, the results obtained were compared with both results presented in the literature and experimental data.
A. VALIDATION BY COMPARING WITH PREVIOUSLY PUBLISHED WORKS
Once the model is exported to Simulink, we can activate the necessary muscle-tendons groups to perform the movements required.
Given this set of activation signals which represents the functional electrical stimulation (FES) and ranges from 0 (minimum activation level) to 1 (maximum activation level), the model allows us to estimate:
• Joint position, velocity, and acceleration • Joint forces and torques • Muscle and ligaments lengths • Muscle and joint moment arms The activation signal for each muscle-tendon unit is a 0 to 1 pulse train with a pulse-width of 50% [31] . An active delay between each signal is set in order to shift agonist-antagonist muscles interactions.
The amplitude of the signals corresponds with the percentage of muscle activation (0% to 100%). That is, 100% for a healthy subject.
To test the model the hip flexion/extension, hip abduction/adduction, and knee flexion/extension was simulated, the muscle-tendon group activated is shown in Table 7 .
The validation of the model was tested by comparing the obtained results (model predicted) to previously published works. Fig. 9 to 12 shows knee flexion moment arms (obtained directly from MSMS) of muscles crossing the knee and compare the results predicted by Arnold et al. [11] model, and those obtained from experimental measurements by Buford et al. [32] and Spoor and van Leeuwen [33] with our model. According to the results, the values obtained are within the bounds of this previously reported works. For instance, the maximum knee flexion moment arm predicted by our model for the biceps femoris short head was 3.35 cm at 70 • of knee flexion angle, the values reported by Arnold et al. [11] predict that the peak value is 3.3 cm at 70 • . In the case of the biceps femoris long head, the maximum knee flexion moment arm predicted by our model was 3.31 cm at 54 • of flexion angle and the values reported by Arnold et al. [11] suggest a maximum knee flexion moment arm of 3.0 cm at 55 • . Maximum isometric joint moments for knee flexion/extension predicted by our model (Fig. 13) were compared to results reported in a previous model described by Arnold et al. [11] and Delp et al. [9] , and experimental data reported by Anderson et al. [34] . The values were obtained with a hip flexion angle of 70 • and an ankle angle of 0 • to match with those used in previous works. As depicted in Fig. 13 the values predicted by our model were very similar, for instance, the model predicted a maximum knee flexion moment of 130 N.m at 58 • , while Arnold et al. [11] reported a knee flexion peak of 122 N.m at 48 • .
Maximum isometric joint moments for ankle dorsiflexion and plantarflexion predicted by our model (Fig. 14) were compared to results predicted by Arnold et al. [11] and Delp et al. [9] models, and experimental data reported by Anderson et al. [34] . The values were obtained with a knee flexion angle of 80 • to match with those used in the previous works. As depicted in Fig. 14 the values predicted by our model were also very similar, for instance, the model predicted a maximum ankle dorsiflexion moment of 43 N.m at −6.1 • , while Arnold et al. [11] reported an ankle dorsiflexion peak of 47 N.m at −7 • .
The Simulink model was validated sending activation signals (simulating FES) to the corresponding muscles for hip flexion (Table 6 ) and comparing the results with previously reported works. Fig. 15 depict parts of the Simulink model. Fig. 16 shows the results obtained by our model and the models described by Arnold et al. [11] , Rajagopal et al. [13] and Lai et al. [16] , and experimental data reported by Anderson et al. [34] and Riener and Edrich [35] .
According to Fig. 16 , the values predicted by our Simulink model were very similar for those obtained previously, for both reported models and values obtained experimentally. Table 8 summarizes the moment arms whereas Table 9 summarizes the maximum isometric moments obtained by our model and previously reported works (from early models and experimental results).
It is worth mentioning that many models are based on datasets previously reported, as in our case, however, none of the models generate identical results, this is due to the fact that, although the same morphometric values of the muscle-tendon have been used, the origin and insertion points of the muscle-tendon units, as well as the location, fiber type settings (recruitment type, apportion method, maximum recruitment excitation value), type and number of wrapping objects are not the same.
B. VALIDATION BY COMPARING WITH REAL DATA
The model was also tested over a gait cycle for both normal and pathological gait. For normal gait, the functional electrical stimulation (FES) signals applied to the muscles of the model (Simulink) over the gait cycle were selected according to medical literature (see appendix A). Thus, the results were compared with the previously published work reported by Miroslav et al. [40] . Moreover, the normal gait was also registered by our own wireless gait capture system (Fig. 17) that consist of three wireless 9-axis inertial measurement unit (IMU) modules, each module consists of a high-precision 3-axis gyroscope, 3-axis accelerometer, 3-axis geomagnetic sensor, and a 32 bits high-performance MCU, allowing us to solve the current real-time motion posture quickly with a high accuracy (0.05 • ). Furthermore, the normal gait was registered using the Cartesian Optoelectronic Dynamic Anthropometer (CODA R ) professional software at Physiotherapy School ONCE in Madrid. The results for the hip flexion/extension (HFE), knee flexion/extension (KFE), and ankle flexion/extension (AFE) are shown in Fig.18 .
The gray area corresponds to values obtained by CODA R software for fifteen healthy subjects. The root mean square error (RMSE) and the normalized mean square error (NMSE) for hip flexion/extension obtained by our model was 2.222 degrees and 2.743 % respectively, for knee flexion/extension the RMSE and NMSE was 2.793 degrees and 0.752 %, and for ankle flexion/extension the RMSE and NMSE was 0.9619 degrees and 1.7361 % respectively.
For pathological gait, the muscle level activation profile for each muscle-tendon unit used in our model was selected according to the literature and those muscle-tendon activation reported by Lencioni et al. [41] , and correspond to persons with Multiple Sclerosis (PwMS). Furthermore, the gait cycle for a PwMS was obtained using CODA R software at Physiotherapy School ONCE in Madrid, The results for the hip flexion/extension are shown in Fig. 19 . The gray area corresponds to values obtained by CODA R software for fifteen PwMS. The RMSE and NMSE obtained by our model respect to a particular PwMS case of study (obtained from CODA R software, light blue plot) were 2.542 degrees and 3.650 % respectively, for knee flexion/extension the RMSE and NMSE was 3.685 degrees and 1.733 %, and for ankle flexion/extension the RMSE and NMSE was 1.828 degrees and 0.5765 % respectively. Table 10 summarize the errors obtained by our model for both estimation, normal and pathological gait.
Furthermore, the absolute errors obtained by our estimation respect to IMU data for normal subjects and respect to CODA R data for pathological subjects are shown in Fig. 20 . According to the results for the gait cycle analysis, we can observe that the curves obtained by our model follow, the reference data closely, better than previously published works, suggesting a satisfactory estimation, so, the model predicts successfully for both normal and pathological gait. On the other hand, the locomotor deficits that were found to characterize gait in PwMS are due to the changes in the activation profiles resulting in a decrease of the joint's range of motion and muscles activation delays.
IV. CONCLUSIONS
In this study, we have presented a complete musculoskeletal model using Musculoskeletal Modeling Software (MSMS) and Simulink. Musculoskeletal models are an important tool to perform biomechanical analysis and have been successfully used previously to simulate injuries, surgeries and to determine forces and torques.
Our model was validated by comparing the results with previously reported works (early models and experimental results). We compared the moment arm of muscles crossing the knee for knee flexion, maximum isometric knee flexion/extension moment, maximum isometric ankle dorsiflexion/plantarflexion moment and passive hip flexion moment.
On the other hand, the model was also validated by comparing with real data, for both normal and pathological gait. For normal gait, the value obtained by our model were compared with real data obtained from our own wireless gait capture system and with data obtained from CODA software at Physiotherapy School ONCE, as well as a previously published work. Furthermore, the model was also validated by comparing the results obtained for people with multiple sclerosis with those obtained from previously published works and from the Physiotherapy School ONCE. The goodnessof-fit of our model was assessed using the root mean square error (RMSE) and the normalized mean square error (NMSE). For instance, for hip flexion/extension the model has an RMSE of 2.222 degrees and an NMSE of 2.743 % for normal gait respectively, whereas for pathological case VOLUME 7, 2019 our model presents an RMSE of 2.542 degrees and an NMSE of 3.650 %. In the case of the knee flexion/extension, the RMSE was 2.793 degrees and the NMSE 0.752 % for normal gait respectively, whereas for pathological case our model presents an RMS of 3.685 degrees and an NMSE of 1.733 %. Hence, there is strong evidence that our model estimates satisfactorily, and better than previously published works, the human biomechanics for both normal and pathological subjects.
Additionally, the model can receive signals in real-time from external sources, either from sensors such as inertial measurement unit or force sensors, commercial medical devices or motion analysis systems like Codamotion. This is a very important feature for data acquisition and visualization in real-time simulations in virtual reality environments with the subject in the loop.
Furthermore, in the Simulink model, we can send activation signals to individual muscles, allowing not only estimate joint torques for actuator dimensioning and selection to design mechanism but also to test control strategies in order to implement it in rehabilitation exoskeleton robots.
Finally, with this study we have a validated model and can be used for biomechanical analysis of the human movement and robotics exoskeleton controller design, hence, in the next step we will continue performing simulations with pathological subjects, the tests will be conducted at Physiotherapy School ONCE, Madrid, in order to obtain the requirements engineering to design an exoskeleton robotics for rehabilitation.
APPENDIX A MUSCLE-TENDON ACTIVATION DURING GAIT CYCLE
The muscle-tendon activation signals, simulating the functional electrical stimulation (FES), applied into the Simulink model are shown in Fig. 21 .
